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a b s t r a c t

Soil salinity plays a very important role in determining the distribution of vegetation, plant

productivity, and biogeochemical processes in coastal marsh ecosystems. Salinity gradi-

ents and salinity–vegetation associations in salt marshes have often been observed but

rarely explained. A quantitative and systematic study on the soil salinity distribution in salt

marshes is not only important to the understanding of coastal marsh ecosystems but also

to the development of a potentially useful ecological and environmental indicator. In this

research, we developed a salt marsh soil salinity model based on an existing salt and water

balance model with modifications to several key features to examine the impacts of tidal

forcing, climate, soil, vegetation, and topography on soil salinity distributions of the Atlantic

and Gulf coastal marshes. This model was calibrated and validated using field observations

from the St. Marks National Wildlife Refuge (NWR) of northwestern Florida, USA. The results

showed that the model had good agreement (r2 = 0.84, n = 15, P < 0.001) with field observa-
imulation model

tlantic and Gulf coasts

tions. We found that the mean higher high water (MHHW) level determines the location of

the salinity maximum in a coastal salt marsh. Simulations indicate that tidal irregularity pri-

marily controls the width of the salinity maximum band. Evapotranspiration, temperature,

hydraulic conductivity, and incoming tidal salinity significantly affect the salinity maximum

band, which may lead to the formation of salt barrens/flats when reaching a threshold level.

high, middle, and low marsh zones. Elevation of tidal marshes
. Introduction

oil salinity, together with other soil physical and chemi-
al properties, plays an important role in plant composition,
roductivity, and distribution (zonation) in coastal marsh

cosystems because of the differences in tolerances of plant
pecies to salinity and tidal inundation (Adams, 1963; Mahall
nd Park, 1976a,b; Adam, 1990; Callaway et al., 1990; Pennings
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and Bertness, 1999; Hughes et al., 1998; Hsieh, 2004; Silvestri
and Marani, 2004; Pennings et al., 2005). Therefore, the spa-
tial and temporal variation in soil salinity is a critical part
of salt marsh ecology. Tidal salt marshes typically consist of
r 305 D, Environmental Sciences Institute, Florida A&M University,

2164, USA.

plays an important role in the structure and function of salt
marsh ecosystems because it is directly related to inundation
frequency and duration of tides (e.g., Adam, 1990; Silvestri and

mailto:hong.wang@famu.edu
dx.doi.org/10.1016/j.ecolmodel.2006.10.013
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Fig. 1 – Flow diagram of the salt marsh salinity simulation
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Marani, 2004). Previous field studies (e.g., Adams, 1963; Adam,
1990; Pennings and Callaway, 1992; Morris, 1995; Pennings and
Bertness, 1999; Bertness and Pennings, 2000; Hsieh, 2004) have
found that there is a soil salinity maximum band near the high
marsh zone. One of the main reasons for the salinity increase
above the mean high water (MHW) level is the decreased dura-
tion of the tidal inundation, which allows evapotranspiration
to concentrate porewater salinity and salt to accumulate (e.g.,
Adam, 1990; Hsieh, 2004; Silvestri et al., 2005). This salinity
gradient, therefore, is characteristic of a coastal marsh with
respect to the interactions of tide, topography, climate, and
vegetation factors (Mahall and Park, 1976a,b; Morris, 1995;
Hsieh, 2004; Silvestri et al., 2005).

There are few quantitative and systematic studies on
the effects of various factors, such as tide, climate, soil,
topography, and vegetation, on the soil salinity gradient in
a coastal marsh. Several questions need to be answered:
(1) Is this soil salinity gradient a general feature of coastal
marshes over a large geographic area? (2) If so, what are
the main biophysical factors that affect the distribution and
magnitude of the gradient? For example, we know that salt
barrens/flats/pannes are commonly found in southern but
not northern salt marshes (e.g., Pennings and Bertness, 1999).
Apparently, this is driven by warmer climate of the south
that enhances ET in general, but we cannot predict where
the divide would be geographically. Limited field studies con-
strain our understanding of the relationship between soil
salinity and environmental factors. As we know from pre-
vious studies and our own observation, only certain coastal
areas will have the potential to develop salt barren/flats in a
salt marsh, but we do not know exactly where (cf., Pennings
and Bertness, 1999; Bertness and Pennings, 2000; Hsieh,
2004).

The objectives of this research are to use an ecosystem
modeling approach to: (a) develop and calibrate a simulation
model for predicting salinity distribution in the marsh; (b)
examine the soil salinity distribution along a topographic gra-
dient in a Gulf Coastal salt marsh; (c) examine the effects of
major forcing (tide regime, climate, soil properties, and vege-
tation) on soil salinity in salt marshes along the Atlantic and
Gulf coasts of the US.

2. Methods

2.1. Model structure

The salinity model was developed based on a previous
model by Morris (1995). In Morris’ model, water movement
is assumed to be predominantly vertical with no ground-
water input or lateral water flow. The concentration of salt
is assumed to be uniformly distributed throughout a pedon
of 1 m2 and 30 cm deep. In the model, the hydrological
processes include gravity drainage, infiltration, and ET. The
processes that determine salt content are salt movements
by drainage, infiltration, diffusion between the sediment and

surface water, and vegetation secretion. Salt input via precip-
itation is assumed to be negligible.

In the model, the processes of water and salt transport
vary with the site being flooded or exposed by compar-
model used in this study, modified from Morris (1995).

ing tide level with site elevation. If the site is flooded (tide
height > site elevation), pore volume is filled with flooding sea-
water and reaches saturation. The salt content is determined
by the balance between infiltration of salt from seawater
and loss by diffusion between sediment and surface water.
If the site is exposed (tide height < site elevation), pore water
volume is determined by the balance among rainfall, ET,
and drainage. Salt is lost by drainage and plant salt secre-
tion driven by ET (Fig. 1). For details of these processes
and the salt and water balance equations, refer to Morris
(1995).

We added modifications to Morris’ model primarily in four
aspects. First, we used the Penman–Monteith equation (Allen
et al., 1998; Hughes et al., 2001; Wang et al., 2003) to cal-
culate daily ET given local climatic information (radiation,
vapor pressure, temperature) instead of using a sine curve
as in Morris’ original model. The Penman–Monteith function
has been shown to provide good estimates of ET in wet-
land ecosystems including salt marshes (e.g., Hughes et al.,
2001; Jacobs et al., 2002). The details of the Penman–Monteith
equation and ET estimation are given in Appendix A. Sec-
ond, we considered the effect of soil temperature on saturated
hydraulic conductivity (Ksat) in our modified simulation
model. Morris (1995) used a constant hydraulic conductivity
in the model. However, Ksat is found to increase with soil
temperature because of the decrease in soil water viscosity
(Hopmans and Dane, 1985). The details of this modifica-
tion are described in Appendix B. Third, since not all of
the rainfall enters the soil pedon, we calculated the infil-
tration rate of precipitation based on comparing rainfall
intensity and soil infiltration capacity. Here infiltration capac-
ity is determined by the saturated hydraulic conductivity,
Ksat. Lastly, we set the soil moisture level for closure of
drainage (i.e., gravitational flow = 0). In Morris’ model, the
minimum soil moisture level for closing drainage is the

field capacity (Eqs. (9a–c) in Morris (1995)). We found that
for marsh peat soils the field capacity is approximately
0.65 m3 m−3 (volume at field capacity divided by total pedon
volume, which would be 0.856 if divided by saturated vol-
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Fig. 2 – Illustration of a typical tidal regime for St. Marks
National Wildlife Refuge indicating the difference between
e c o l o g i c a l m o d e l l i n

me), while for marsh sands the field capacity is close to
.4 m3 m−3.

.2. Data

ata from a salt marsh in the St. Marks National Wildlife
efuge (SMNWR) of northwestern Florida, USA (N30◦05′,
84◦10′) were used for model calibration and verification. This

alt marsh is ideal for this modeling study because the incom-
ng tide has relatively small variation in salinity and field data
ave been collected extensively during the last 20 years (e.g.,
sieh and Yang, 1992; Hsieh, 1996, 2004).

Data on soil properties such as hydraulic conductivity, bulk
ensity, texture, field capacity, organic matter, and soil salin-

ty were derived from laboratory analysis of field soil samples
0–30 cm depth, collected with a 5.1 cm diameter core sampler)
rom previous studies and this research. The methodology for
eld sample and laboratory analysis for soil moisture and soil
alinity was given in Hsieh (2004). We also collected indepen-
ent soil samples for each marsh zone for validation of our
odel (low marsh, middle marsh, border of middle marsh and

alt barren, and center of salt barren); the mean values of two
amples were used for each zone.

Climate data (daily air temperature, radiation, vapor pres-
ure, and hourly rainfall) were acquired from the NOAA
ational Climatic Data Center (NCDC) and the Northwest
lorida Water Management District (NWFWMD). Because no
eal-time monitoring tide station exists at this site, we used
he predicted hourly tide data for our simulations taken from
he NOAA Center for Operational Oceanographic Products
nd Services (CO-OPS) (http://www.co-ops.nos.noaa.gov). In a
emi-diurnal tidal marsh, such as SMNWR, higher high water
s the higher of the two high tides (Stumpf and Haines, 1998).
he mean high water (MHW) level of semi-diurnal tide in
MNWR is 0.98 m, which is different from mean higher high
ater (MHHW = 1.04 m) because of the unequal amplitude of

wo highs in a day (Fig. 2). Average tide salinity of the area
as 20 parts per thousand (ppt), with relatively small vari-
bility over time (Hsieh, 2004). We used the climate and tide
ata of the area during the period of 1999–2004 for the simula-
ions. The parameters in the simulations are summarized in
able 1.

Table 1 – Parameters used in modeling the 30 cm pedon pore w

Parameters Meaning

n Porosity (ratio)
ksat Saturated hydraulic conductivity (cm h−1

Kd Salt diffusion coefficient (cm2 h−1)
Fc Field capacity (ratio)
Wpa Wilting point (ratio)
k2 Ion secretion factor (ratio)
k3 Quotient of transpiration/ET (ratio)
ra

b Aerodynamic resistance (s m−1)
rs

c Bulk surface resistance (s m−1)

Porosity, hydraulic conductivity, and field capacity were derived from field
a Coultas (1997).
b Hughes et al. (2001).
c Souch et al. (1998).
mean higher high water (MHHW) and mean high water
(MHW).

2.3. Simulations and sensitivity analyses

We conducted simulations to examine the effects of tide, cli-
mate, soil properties, and vegetative factors on soil salinity
distribution along the marsh topographic gradient. The sim-
ulation step interval was hourly. The outputs such as soil
salinity along the elevational gradient and over time were
reported in daily values. We calculated the average, maximum,
and standard deviation of soil salinity along the marsh ele-
vation gradient (from 0 to 1.5 m above the mean lower low
water, or MLLW). The model was calibrated and validated by
comparing simulated salinity with observed data.

2.3.1. Tide effects
For tide irregularity (defined here as the standard deviation of
MHHW) on soil salinity, we first selected five stations along the
Atlantic Coast and five along the Gulf of Mexico. We obtained
tide data for these 10 stations from NOAA CO-OPS. All heights
are referenced to MLLW. We computed MHW, MHHW, and its

standard deviation (S.D.) for the sites. We found that the range
of S.D. in MHHW for these stations was 0.1–0.44 m, which is
0.66–3.18 times the S.D. of SMNWR tide data. Thus, we gener-
ated simulated tide data with different values of S.D. (0.5–3.5

ater salinity

This study Morris (1995)

0.76 0.434–0.677
) 0.22 0.21–1.45

0.0725 0.0725
0.856 0.934–0.966
0.15 NA
0.03 0.03
0.5 0.5
2.0 NA
5.0 NA

samples.

http://www.co-ops.nos.noaa.gov/
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dle marsh than salt barrens not only on the average values
but also on the variations, i.e., SD of salinity (Fig. 4a). The
degree of the agreement between our simulations and obser-
vations may change as sampling size, location, and seasons
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times S.D. at SMNWR) to examine the impact of tidal irregu-
larity on soil salinity.

Besides the irregularity of tides in this area, we also
conducted tests of the effects of tidal amplitudes on soil
salinity distribution along the elevation gradient (0–3.5 m).
Based on the analysis of tide data for these selected stations
along the Atlantic and Gulf coasts, we found that MHHW
ranged approximately ∼0.5–6.0 m (mostly 0.5–2.5 m) along the
Atlantic coastal regions, and ∼0.3–2.0 m (mostly 0.5–1.0 m) for
coastal areas along Gulf of Mexico (e.g., Stumpf and Haines,
1998). We adjusted the amplitude of MHHW using the SMNWR
data in the range of 0.52–3.12 m, or 0.5–3 times the original
MHHW at St. Marks for this analysis.

2.3.2. Climate factors
To evaluate the effects of air temperature on soil salinity,
we simulated temperature as a sinusoidal function based on
January minimum and July maximum temperatures of the
eastern US regions in the form of:

Tair(day) = H + A sin
(

2�day
365

− 90
)

(1)

where H is the shift of zero in y-axis and equals to January min-
imum temperature plus A, and A is amplitude of the sinusoidal
function that equals to the half of the difference between
July maximum temperature and January minimum temper-
ature. We used the database of Atlantic and Gulf coasts from
NOAA NCDC and selected six regions to represent the tem-
perature gradient of the Eastern US, resulting in a range of
January minimum temperature (−10.83 to 18.44 ◦C), July maxi-
mum temperature (26–33.5 ◦C), and mean annual temperature
(7.6–25.2 ◦C) from Portland, Maine to Key West, Florida.

Along the Atlantic coast, the estimated mean ET ranged
from ∼1.04 to 1.74 mm day−1 in Maine to ∼>2.44 mm day−1

in Florida and most of the Gulf coast (U.S. Geological Survey,
1990). The range corresponds to ∼0.5–1.2 times ET in SMNWR
(∼2.41 mm day−1) to evaluate the effects of ET on soil salinity.

The frequency or probability of rainfall occurrence was
simulated using a two-state, first-order Markov Chain model,
a stochastic and data-driven model in which the parame-
ters defining each state and the estimated hourly sequence of
states were derived from a historical record of SMNWR hourly
rainfall occurrence. By a preliminary analysis of SMNWR
hourly rainfall intensity, we found that there is an expo-
nential distribution of the rainfall intensity in these data;
therefore, we used an exponential distribution to derive the
rainfall intensity for the rainy days. We wrote a FORTRAN
program to simulate rainfall with different values for fre-
quency, intensity, and combination of frequency and intensity,
resulting in a total of 11 categories of rainfall patterns for the
analyses.

2.3.3. Soil properties
For saturated hydraulic conductivity, Ksat, a range from 0.2
to 11.8 cm h−1 for salt marsh soils was used for the analy-

sis (e.g., Coultas, 1997). The analysis of data from field water
loggers (HOBO U20 water level logger, 3 min interval, weekly,
from February to June 2004) deployed from low marsh, mid-
dle marsh, and salt barren to high marsh also showed a range
2 0 1 ( 2 0 0 7 ) 429–439

of 0.18–12.89 cm h−1, indicating a possible large variation in
hydraulic conductivity among different types of salt marsh
soils. Low to middle marshes with peat soils tend to have
a lower Ksat (0.18–1.75 cm h−1) than a salt barren with sandy
soils (4.48–12.89 cm h−1). For diffusion coefficient, Kd, there is
a range from 0.018 to 0.035 cm2 h−1 for ions in anoxic marine
sediments, and 0.011 cm2 h−1 for chloride in a subarctic marsh
(e.g., Price and Woo, 1990). Morris (1995) used 0.0725 cm2 h−1

for tidal marshes. We used 0.01–0.08 cm2 h−1 for this study.

2.3.4. Vegetation factors
For k3 (the quotient of transpiration/evapotranspiration), we
used a range from 0.0 to 0.5; if in sandy non-vegetated soils,
k3 = 0.0, and in high marsh, k3 = 0.5. Seaward, the proportion
of evaporation to total ET caused by water surface increases
should increase and, therefore, K3 decreases. The aerody-
namic resistance, ra, is the resistance from the vegetation
upward, which depends on friction from air flowing over
vegetative surfaces. The bulk surface resistance, rs, is the
resistance of vapor flow through stomata openings, total leaf
area, and soil surface (Allen et al., 1998). The surface resis-
tance is zero under potential evaporation conditions (e.g., salt
barren/flats). The aerodynamic resistance, ra, ranged approx-
imately from 2 to 20 s m−1 (e.g., Hughes et al., 2001; Wang
et al., 2003), and the bulk surface resistance to water vapor,
rs, ranged from 5 to 40 s m−1, the probable variability in salt
marsh surface resistance; rs = 5.0 s m−1 produced the best esti-
mates of ET for salt marshes (e.g., Hughes et al., 2001) in the
sensitivity analyses.

3. Results and discussion

3.1. Model validation

Our simulations showed a good agreement (r2 = 0.84, n = 15,
P < 0.001) with field observations (Fig. 3). The model produces
a good agreement with observations for low marsh and mid-
Fig. 3 – Comparison between simulated and observed soil
salinity (0–30 cm) from low, middle, border of middle marsh
and salt barren, and salt barren in St. Marks marshes
during August–October 2004.
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Fig. 4 – Soil salinity distribution of the salt marsh of the St.
Marks National Wildlife Refuge (SMNWR) as predicted by
the simulation modeling: (a) maximum, average, and
standard deviation of soil salinity over time vs. field
observations in 1996 (Hsieh, 2004) and 2004; (b) percentage
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n a year vary. Considering that the simulated salinity tended
o be larger than 90 ppt for salt barrens for a year (Fig. 4a), the
ow observed salinity (71, 55, and 49 ppt) corresponded to the
eriod (August–September 2004) after a series of hurricanes

n 2004 in Florida, we conclude that our model is capable of
escribing the salinity gradient along the elevational gradient
f a coastal marsh.

.2. Soil salinity gradient and tidal effects

his simulation modeling study confirms the hypothesis that
alt accumulation band at the vicinity of the high marsh
ones in coastal marshes is caused by tidal action of saline
ater (Adam, 1990; Pennings and Bertness, 1999; Bertness and

ennings, 2000; Hsieh, 2004). At SMNWR, soil salinity of the low
nd middle marsh zones tends to reflect that of the incom-
ng tide (i.e., here around 20 ppt). Soil salinity then increases
o a maximum, ∼90 ± 44 ppt at 1.3 m elevation above MLLW,
r approximately 25 cm vertically above MHHW. Salinity is
hen reduced to a lower level and quickly graded into the
evel of fresh-water at the border of upland forests (Fig. 4a) as
bserved by Hsieh (2004). This salt accumulation in a marsh is
result of the balance between salt inputs (tide) and outputs

drainage and diffusion). That is, infrequent tidal inundation
t the vicinity of high marsh area allows a chance for ET to con-
entrate seawater and minimizes salt output due to drainage.

or the case of SMNWR, salt accumulation becomes detectable
hen tidal inundation is less than 7% of the time (Fig. 4b).
alinity variation in this salt accumulation band is also much
reater than that in the low and middle marsh zones in the
1 ( 2 0 0 7 ) 429–439 433

simulation (Fig. 4a), which agrees with the observation (Hsieh,
2004).

3.2.1. Soil salinity maximum
The salinity distribution along a marsh elevational gradient
predicted from our simulations (Fig. 4a) is consistent with
the salinity distribution found by many previous field studies
(e.g., Fig. 2 in Hsieh, 2004). On the other hand, Pennings and
Bertness (1999) stated that there would be no such salinity
accumulation band in the salt marshes of high latitude such
as those in the New England (see also the review by Mahall
and Park, 1976a). Our simulations, however, indicate that
there still should be a salinity maximum band, although to a
lesser extent, even at New English salt marshes. Bertness and
Pennings (2000) proposed a climate-driven salt flat hypothesis
and suggested that the presence of salt barrens/flats/pannes
in southern but not northern marshes is driven by latitudinal
variation in climate. Our results offer simulation evidence to
this hypothesis. ET and temperature largely control the extent
of salt accumulation in marshes. Higher ET and temperatures
at lower latitudes are necessary to achieve the development of
hypersaline conditions that eliminates vegetation and forms
tidal salt barrens in the low latitude marshes (Hsieh, 2004).

As to what is the threshold salinity condition for a tidal salt
barren to develop, no empirical studies have provided a def-
inite answer yet. Adams (1963) reported that an average soil
salinity of 70 ppt would prevent the establishment and sur-
vival of most salt marsh species. If the salinity threshold is
70 ppt for tidal salt barren formation, we would infer that the
northern thermal boundary for the occurrence of a salt bar-
ren is likely at locations with mean annual temperature under
7 ◦C (Fig. 5a), given the conditions of tides, soil properties, and
vegetation factors similar to SMNWR. Nevertheless, in real-
ity, whether or not a salt barren can be formed in a marsh
depends on the interactions between climate (mostly ET and
temperature) and the salinity of the incoming tide.

The soil salinity gradient is not simply related to marsh
elevation, but also to micro-topography, creek pattern, and
geomorphology that affect the drainage of marsh soils (e.g.,
Davy, 2000). For example, other factors being equal, increas-
ing hydraulic conductivity from 0.2 to 5 cm h−1 could reduce
soil salinity maximum from 90 ppt to <70 ppt (Fig. 6a), con-
sequently allowing the survival and growth of some highly
salt-tolerant species. Therefore, it is not surprising to know
that there are tidal salt barrens with soil salinity above 100 ppt
along the Virginia coasts where mean annual temperature is
approximately 15 ◦C (Santos and Zieman, 2005). The Virginia
coast was thought to be near the latitudinal limit of tidal salt
barren formation on the US Atlantic coast (Santos and Zieman,
2005). If this hypothesis is true, or if the minimum mean
annual temperature for the occurrence of salt barrens/flats is
∼15 ◦C, then it is most likely that soil hydraulic properties and
the salinity of incoming tide would control the soil salinity
maximum at locations with mean annual temperature in the
range of 7–15 ◦C. In fact, Santos and Zieman (2005) found that
soil/sediment hydraulic properties and microclimate are the

main variables that account for more than 58% of the variation
in soil salinity.

The potential for the occurrence of salt barrens/flats would
be reduced dramatically if salt marshes receive a large amount
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Fig. 5 – Effects on soil salinity distribution along salt marsh

Fig. 6 – Effects on soil salinity distribution along salt marsh
elevational gradient above MLLW of soil physical
elevational gradient above MLLW of: (a) air temperature (◦C);
(b) ET (mm day−1); (c) frequency and intensity of rainfall.

of freshwater input from upland with less salt input. There-
fore, salt barrens/flats tend to appear in tide-dominated salt
marshes, not river-dominated salt marshes (Hsieh, 2004).
One example is that salt barrens are found in the tide-
dominated SMNWR but not in the nearby river-dominated
Apalachicola Bay where large amounts of freshwater input
from Apalachicola River and upland diluted the salinity (e.g.,
Huang et al., 2002).

3.2.2. The salinity–elevation relationship and apparent

shapes of salinity maximum in marshes
Our simulations indicate that soil salinity in a marsh is related
to the topography (elevation) of the marsh. Tidal irregularity
(variation in the MHHW) is the primary control on the width
properties: (a) hydraulic conductivity (Ksat, cm h−1); (b)
diffusion coefficient of salt (Kd, cm2 h−1).

of the salinity accumulation band in a marsh. The more irreg-
ular the MHHW, the wider the salinity accumulation band
would be (Fig. 7a and c). For example, the width of salinity
accumulation band increased from ∼0.3 m to ∼1.5 m (eleva-
tional difference) when the irregularity of MHHW increases
from 1.04 ± 0.09 m to 1.04 ± 0.436 m above MLLW. Pennings and
Callaway (1992) also found that soil salinity increases with ele-
vation from MHHW to the upper edge of salt flats. This simple
“salinity–elevation” relationship is manifested in a much more
complicated two-dimensional manner because of the tidal
channel network. For example, the salinity maximum band,
such as tidal salt barren, can be found as irregular belts and
circles around tree islands and topographic maximum (Hsieh,
2004).

3.2.3. Location of soil salinity maximum
Similar to the effects of tidal irregularity, tidal amplitude and
MHHW level did not affect the magnitude of salinity in a
marsh. Instead, it influences the location of the maximum
salinity along the topographic gradient (Fig. 7b). It is well
known that soil salinity reaches a maximum at a location
above mean high water (MHW) or mean higher high water
(MHHW) (Stumpf and Haines, 1998; Adam, 1990). However,

there are no empirical studies that have quantified the rela-
tionship between the location of the salinity maximum and
MHW or MHHW. Adam (1990) indicated that mean high water
spring (MHWS) or MHHW level controls the location of the
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Fig. 7 – Effects on soil salinity distribution along salt marsh
elevational gradient above MLLW of: (a) tidal irregularity
(S.D., m); (b) tidal amplitude (m). The relationship between
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y = 0.0771x + 3.1058; r2 = 0.9879; P < 0.001 (2)

where y is the soil salinity concentration ratio (SCR), i.e., the
ratio of the average salinity at the salinity maximum to that
idal irregularity (S.D.) and width of salinity variation band
s shown in (c).

alinity maximum. Our simulations support this observation.
or a site with semi-diurnal tides having very similar two
igh tides or a site with diurnal tides, then MHW is equal to
HHW. At these situations, one can say that MHW determines

he location of soil salinity maximum. But in other situations
here MHHW does not equal MHW, as the case in SMNWR

Fig. 2), it is MHHW (corresponding to mean spring tide eleva-
ion) not MHW that determines the location of the soil salinity

aximum.

.3. Factors affecting soil salinity maximum
e summarized the sensitivity of soil salinity maximum,
ocation, and width of salt accumulation band to different
nvironmental factors listed in Table 2. The soil salinity maxi-
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mum tends to be highly sensitive to ET, temperature, hydraulic
conductivity, and bulk surface resistance, whereas the width
of the soil salinity accumulation band tends to be highly sensi-
tive to tidal irregularity. Pearson correlation analyses between
the soil salinity maximum and the parameters of the model
indicated that ET, temperature, hydraulic conductivity, and
bulk surface resistance to water vapor are significant factors
that control salt accumulation in a coastal marsh (Table 3).
ET and the mean annual temperature have positive correla-
tions with salinity maximum, whereas hydraulic conductivity
and bulk surface resistance to water vapor have negative cor-
relations with salinity maximum. This result implies that
variations in thermal dynamics, soil physical properties that
determine hydrological processes such as soil texture, and
characteristics of vegetation and topography mainly control
the soil salinity distribution in salt marshes of the Atlantic
and Gulf coastal regions.

3.3.1. Climatic factors
Temperature profoundly affects salt accumulation in a coastal
marsh. Our model results showed that as the average tempera-
ture of a region increases from 7.6 to 25.6 ◦C, salinity maximum
increased from 72 to 100 ppt (Fig. 5a) when incoming tidal
salinity was at 20 ppt. According to the simulations, the tem-
perature effect on the salinity maximum of a marsh can be
expressed in the following equation (Fig. 8a):
Fig. 8 – Relationships between soil salinity maximum (per
unit of incoming tidal salinity) and (a) temperature (◦C); (b)
evapotranspiration (ET, mm day−1).
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Table 2 – Summary of the sensitivity analyses of the effects of climatic, tidal, and soil properties on soil salinity
maximum and variation band width

Parameters Range Sensitivity on maximum Sensitivity on band width

Mean annual temperature (◦C) 7.6–25.2 High Medium
ET (mm day−1) 1.31–3.13 High Medium
Rainfall intensity (mm year−1) 767.53–3097.45 Low Low
Rainfall frequency 0.5x–2.0x Low Low
Tidal irregularity (m) 0.09–0.436 Low High
Tidal amplitude (m) 0.52–3.12 Low (but high on location) Low
Hydraulic conductivity (ksat, cm h−1) 0.2–11.8 High Low
Salt diffusion coefficient (kd, cm2 h−1) 0.01–0.08 Low Low

Quotient of transpiration/ET (k3) 0.0–0.5
Aerodynamic resistance (ra, s m−1) 2.0–20.0
Bulk surface resistance (rs, s m−1) 5.0–40.0

of the incoming tide, x is temperature in ◦C. Temperature has
little effect on the salinity of the low and middle marsh zones
where tidal inundation is greater than 7% of the time.

Since ET is closely related to temperature, it also greatly
affects the salt salinity maximum in a marsh. Soil salinity
maximum at the SMNWR increased from 51 to 94 ppt as ET
increased from 1.3 to 3.1 mm day−1 given the incoming tidal
salinity of 20 ppt (Fig. 5b). When the ET–salinity relationship
was expressed in SCR (Fig. 8b), we obtained:

y = 1.1524x + 1.1754; r2 = 0.9895; P < 0.001 (3)

where y is SCR, x is average ET in mm day−1.
Compared with temperature and ET, rainfall does not have

as great an effect on soil salinity accumulation in a marsh. An
increase in rainfall intensity and frequency tends to reduce
salinity (Fig. 5c). For example, doubling both rainfall inten-
sity and frequency (from ∼750 to 3000 mm year−1) just slightly
reduced the salinity maximum from 85.2 to 80.6 ppt. Consid-
ering that annual rainfall along the Atlantic coast from Maine
to Florida varies between ∼1080 and 1380 mm, it can be con-
cluded that rainfall has a minor impact on salt accumulation
in a coastal marsh. It is not surprising that rainfall does not
affect soil salinity at locations below MHHW, as rainfall can-
not compete with tides in influencing the porewater salinity.
Soil salinity below MHHW is controlled by the salinity of tidal
water (e.g., De Leeuw et al., 1991). There is a difference in

rainfall effects on soil salinity for sites above MHHW. Our sim-
ulations showed trivial influence of rainfall impact. However, it
should be noted that the minor impact of rainfall on soil salin-
ity distribution does not necessarily mean that rainfall would

Table 3 – Pearson correlation statistics between
biophysical factors and soil salinity at the location where
salinity maximum occurs along the elevational gradient

Factor n Pearson correlation P

ET 8 0.995 0.001
Temperature 6 0.994 0.001
ksat 6 −0.994 0.001
ra 4 0.881 0.119
rs 8 −0.939 0.002

Significance level was set at 0.01. k, saturated hydraulic conductiv-
ity; ra, aerodynamic resistance; rs, bulk surface resistance.
Low Low
Medium Low
High Medium

not affect the variation in short-term (e.g., seasonal, daily, or
hourly) salinity for locations well above MHHW. In fact, rain-
fall deficit is important to the seasonal changes in soil salinity.
Previous studies have found that rainfall deficit (rainfall-
evapotranspiration) controls soil salinity at high marshes by
regulating the seasonal and interannual patterns of soil salin-
ity (e.g., De Leeuw et al., 1991). Heavier summer rainfall
could reduce salt built-up at more southern sites. Rainfall
can provide a major source of freshwater to the upland areas
including river systems that drain into coastal salt marshes,
resulting in decreased soil salinity through dilution.

3.3.2. Soil properties
Other factors being equal, in general higher saturated
hydraulic conductivity (Ksat) tends to result in lower soil salin-
ity at the salt accumulation band of a marsh (Fig. 6a). From
observations at SMNWR, we found that gravitational soil water
flow stopped at 85% moisture level on a dry soil weight basis.
This property of strongly retaining water in salt marsh soils
was included in the model simulation and found very impor-
tant to the accuracy of this simulation modeling.

We found that hydraulic conductivity is as important a
factor as ET and temperature in determining soil salinity accu-
mulation in a marsh. In tidal salt marshes, it was found that
water table response to tidal forcing is determined largely by
soil hydraulic conductivity (e.g., Hughes et al., 1998; Silvestri
et al., 2005). Higher hydraulic conductivity results in lower soil
salinity because water rapidly moves out of the soil, flushing
the soil and minimizing salt build-up (Bertness and Pennings,
2000). Our result is consistent with Morris (1995) on this aspect.
However, the effect of hydraulic conductivity on salinity in our
sensitivity analysis is much higher than that of Morris (1995),
which characterized the influence as slight. This discrepancy
is presumably caused by the difference in conductivity range
used and the location where effects were examined. Our con-
ductivity range (0.2–11.8 cm h−1) is much larger than Morris’
(0.21–1.45 cm h−1), which is at the lower end of our range.

Our analysis showed that at the lower end of the conduc-
tivity range, the effect on salinity was minor. Moreover, the
elevation (0.58 m) of the study site in Morris (1995) was near
mean high water (MHW) rather than at maximum salinity,

which would be near 0.83 m elevation at this site. If the anal-
ysis were done at an elevation of 0.83 m and with a larger
range of hydraulic conductivity, the influence of conductiv-
ity on salinity would be substantial even at Morris’ site, i.e.,
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orth Inlet, South Carolina. For example, at the SMNWR, if we
se the MHHW of 1.05 m, the salinity would change less than
% over the conductivity range of 0.2–11.8 cm h−1; but if we
se the salinity maximum elevation of 1.3 m, the correspond-

ng salinity change would be more than 60%. Therefore, any
iotic and abiotic factor that causes a dramatic change in soil
ydraulic conductivity of marsh soils would have the potential
o impact the soil salinity accumulation significantly.

Very low effect of diffusion coefficient on soil salinity was
een in the sensitivity analyses (Fig. 6b). This is because dif-
usion of salt is a small-scale process that occurs close to the

arsh plants’ roots and depends on the magnitude of the gra-
ient of salt concentration resulting from salt accumulation

e.g., Hollins et al., 2000).
.3.3. Vegetative factors
uotient of transpiration/ET, K3: there are minor effects of

3 on soil salinity in a marsh, although higher K3 tends to

ig. 9 – Effects on soil salinity distribution along salt marsh
levational gradient above MLLW of vegetative factors: (a)
atio of transpiration to ET (K3); (b) aerodynamic resistance
ra, s m−1); (c) bulk surface resistance to water vapor (rs,
m−1).
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lower soil salinity (Fig. 9a). Higher quotient of transpiration/ET
means a higher proportion of plant transpiration, which tends
to lead to a higher removal of salt by diffusion. This is in con-
trast to salt left in the soil by evaporation without loss if ET
involves only evaporation.

Canopy aerodynamic resistance, ra, tends not to affect
soil salinity significantly, although higher aerodynamic resis-
tance would increase salinity (Fig. 9b). Past studies using
the Penman–Monteith equation have indicated that aerody-
namic resistance is an important parameter in estimating
transpiration (e.g., Wang et al., 2003). The aerodynamic resis-
tance is dependent largely upon plant height, roughness,
and wind speed (Allen et al., 1998; Hughes et al., 2001). On
the other hand, the bulk surface resistance, rs, does signif-
icantly affect soil salinity (Fig. 9c). The higher the surface
resistance, the lower the soil salinity. This is primarily caused
by the decrease in ET; thus the reduced salt accumula-
tion results from increasing surface resistance. For example,
Hughes et al. (2001) found that increasing surface resistance
from 0 to 40 s m−1 resulted in the decrease in ET by up to
2 mm day−1. The surface resistance is an important ecophys-
iological parameter, which tends to vary with plant species,
plant cover (e.g., leaf area index, LAI), water availability, and
climate (e.g., radiation intensity, temperature, and vapor pres-
sure deficit) (Allen et al., 1998; Hughes et al., 2001). Because
of the substantial variation in climate, a greater difference
in bulk surface resistance is expected for salt marshes along
the latitudinal gradient, resulting in the significant variation
in the salt accumulation band in a marsh. Overall, both the
aerodynamic resistance and bulk surface resistance influence
ET rate in salt marshes (e.g., Hughes et al., 2001; Jacobs et
al., 2002). Therefore, vegetation affects soil salinity primar-
ily through the influence of these two resistance factors on
ET.
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Appendix A. ET estimation using
Penman–Monteith equation
The Penman–Monteith equation is

�ET = �(Rn − G) + (PaCpVPD/ra)
� + �(1 + (rs/ra))

(A.1)
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where � is latent heat of vaporization, 2.45 MJ kg−1, ET is daily
evapotranspiration rate in mm day−1, � is the slope of the sat-
uration vapor pressure curve at air temperature in (kPa ◦C−1);
and

� = 2504 exp[17.27Tair/Tair + 237.3]

(Tair + 237.3)2
(A.2)

where Tair is air temperature, ◦C; Rn is net radiation;
MJ m−2 day−1, and (Hughes et al., 2001);

Rn = 0.63Rs − 2.01 (A.3)

where Rs is incoming short-wave solar radiation, and (Allen et
al., 1998);

Rs =
[

as + bs
n

N

]
Ra (A.4)

where as = 0.25, bs = 0.5; n/N is the ratio of actual (n) to maxi-
mum possible (N) sunshine hours, first assume n/N = 1 then
Rs = 0.75Ra, where Ra is extraterrestrial radiation; G the soil
heat flux, MJ m−2 day−1, and G the small compared to Rn and
may often be ignored = 0 (Allen et al., 1998); Pa is the mean air
density at constant pressure (kg m−3), and (Allen et al., 1998);

Pa = P

TkvR
(A.5)

where P is atmosphere pressure (kPa), = 101.3 kPa for
costal areas; Tkv the virtual temperature that is used
to find the density of a parcel of air at a constant
pressure level (=1.01 × (Tair + 273)); R the specific gas
constant (= 0.287 kJ kg−1 K−1); Cp the specific heat of air,
1.013 × 10E−3, MJ kg−1 ◦C−1; VPD is the vapor pressure deficit,
kPa; VPD = SVP − WVP, and

SVP = 0.6108 exp
[

17.27Tair

Tair + 237.3

]
(A.6)

in kPa; ra is aerodynamic resistance (s m−1), which is a function
of wind speed at 2 m, ra ranges from 2 to 20 s m−1 in wet-
land ecosystems, using 2 s m−1 in our simulation (e.g., Hunt
et al., 1997); rs the bulk surface resistance to water vapor
(=5–40 s m−1, often =5.0 s m−1; e.g., Hughes et al., 2001); � is
psychometric constant (=0.0673 kPa ◦C−1).

Then, daily ET was assigned to hourly ET from 600 to 1800
using the same protocol as in Morris (1995):

ET(t) = −(t2 − 24t + 144)ET
288

+ 0.125ET for 6 < t ≤ 18

(A.7a)

ET(t) = 0 for 6 ≥ t > 18 (A.7b)

We closed hourly ET when rainfall occurs.

Appendix B. Soil temperature effect
Hydraulic conductivity is a function of soil temperature that
affects soil water viscosity (Hopmans and Dane, 1985):

KT =
[

�ref

�T

]
Kref (B.1)
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where �ref and �T are the viscosity of water at the reference
temperature and the soil temperature of interest, respectively;
and Kref is the hydraulic conductivity at the reference temper-
ature, here assigned as 0.2 cm h−1 from experiments based on
room temperature (20 ◦C) as the reference temperature. In this
equation, it is assumed that the changes in water density with
temperature are negligible. The ratio, �ref/�T, can be described
by a linear function:

�ref

�T
= 0.032T + 0.2928 (r2 = 0.9963) (B.2)

Soil temperature is simulated as a sinusoidal function of air
temperature using the equation developed by Hillel (1982):

T(z, t) = Ta + A0 e−z/d sin

[
2�(t − t0)

365
− z

d
− �

2

]
(B.3)

where Ta is average soil surface temperature, ◦C, assumed
equal to average air temperature; A0 the annual amplitude
of the surface soil temperature in ◦C, and is one-half of the
difference between annual averaged maximum air tempera-
ture and minimum air temperature (Kasuda and Archenbach,
1965); z the soil depth, 30 cm; t0 the time lag, in days, or
day of the year of the minimum surface temperature and
assumed in the middle of January; d is the damping depth, m,
and

d =
√

2Dh

w
(B.4)

where Dh is thermal diffusivity, and = 5.56 × 10E−7 m2 S−1

(Elias et al., 2004); and w = 2�365−1 day−1.
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